We introduce and demonstrate critical steps toward the Geode process for the bottom-up synthesis of semiconductor nanowires. Central to the process is the design and fabrication of an unconventional, high surface area substrate: the interior surface of hollow silica microcapsules, assembled from silica particles via emulsion templating, and featuring porous walls to enable efficient gas transport. The interior surface of these hollow silica microcapsules is decorated with gold nanoparticles that seed nanowire growth via the vapor− liquid−solid (VLS) mechanism. We demonstrate the production of the necessary microcapsules and show how microcapsule structure and stability upon drying are influenced by the type of silica particles and use of a particle cross-linking agent. Finally, we demonstrate the synthesis of crystalline Si nanowires in the microcapsule interior.
■ INTRODUCTION
The bottom-up growth of semiconductor nanowires through the vapor−liquid−solid (VLS) mechanism offers exquisite control over nanowire structure and composition 1,2 and thus functionality. 2−6 Demonstrations of prototype transistors, 7−10 photodetectors, 11−13 solar cells, 14−17 and biosensors, 18−21 for example, highlight the promise of these materials for electronic, photonic, energy conversion, and medical applications. However, it remains difficult to produce nanowires in large quantities, especially those with the nanoscale compositional complexity required for the above applications. Most nanowires are grown on flat substrates. 22−24 Even with the adoption of roll-to-roll 25 and related high-throughput techniques, 26, 27 scale-up of production rates in such processes is limited to L 2 , where L is the characteristic size of the growth reactor. 28 Significant productivity gains would come from decoupling the area of the nanowire growth substrate from the size of the reactor.
Here, we introduce the Geode process for the synthesis of semiconductor nanowires via the VLS mechanism. The basic concept is illustrated in Figure 1 . We are inspired by natural geodeshollow rocks whose inner surface serves as a site for the nucleation and growth of crystalline minerals as ions and water diffuse in/out of the cavity. 29, 30 Producing hollow silica microcapsules with gold nanoparticles decorating their interior surfaces is accomplished using a scalable emulsion templating process. 31 Microcapsules are then placed inside a chemical vapor deposition furnace where diffusion of a reactive precursor gas through the porous microcapsule wall and the gas precursor decomposition at the gold nanoparticles drive nanowire nucleation and growth. After growth, newly synthesized nanowires can be harvested by removing the sacrificial microcapsule shell via mechanical (e.g., sonication) or chemical means (e.g., selective chemical etching).
The high surface area afforded by microcapsules is a key benefit of the Geode process. While the nanowire density possible per unit microcapsule surface area will likely be similar to that on flat substrates, the total surface area available inside a reactor filled with microcapsules can be substantially larger. The total surface area available in a small-scale, 1 ft 3 cubic reactor filled with a powder of microcapsules (of similar dimensions to those reported here, 30 μm diameter) is >10000 ft 2 . This increase in total surface area and thus reactor productivity per volume is analogous to that routinely achieved by the chemical industry with heterogeneous catalytic nanoparticles dispersed inside inert, solid supports. 32, 33 Microcapsule powders offer benefits in addition to increased surface area. The anchoring of nanowires to the inner microcapsule surface limits nanowire agglomeration and nanowire−nanowire collisions that could perturb the seed particle. Microcapsules can also act as carriers for nanowires after synthesis, especially in cases where they need to undergo further processing steps. Moreover, powders consisting of particles with dimensions similar to our microcapsules can flow under a pressure gradient 34 or on a vibrating bed, 35 thus simplifying transport within a process or from step to step.
The Geode process aims to combine the efficiency of gas phase transport with the high productivity afforded by a very large substrate surface area. Solution−liquid−solid (SLS) 36−41 growth and Aerotaxy, 42−44 two competing methods for scaling nanowire production, are likely limited in one of these regards. SLS is similar to VLS, except the growth precursors and the resulting nanowires occupy the bulk of a liquid phase. However, this means that SLS must contend with precursor transport rates orders of magnitude slower than those in the gas phase. The inefficiency of precursor addition and removal impedes the fabrication of nanowires with controlled nanoscale heterogeneity, which benefits from rapid precursor switching. Solvent and surfactant use/removal can also be costly at industrially relevant manufacturing scales. 45 The second approach, Aerotaxy, is a derivative of the so-called "floating catalyst" method commonly used for large-scale carbon nanotube synthesis. 46, 47 Nanowires nucleate and grow from seed nanoparticles entrained in a gas flow. The use of a gaseous medium for Aerotaxy permits efficient modulation of reactor composition, thus enabling the fabrication of heterostructures 43 and p−n junctions. 48 However, the unrestricted motion of growing nanowires in a bulk fluid flow renders them susceptible to nanowire−nanowire collisions that can result in irreversible nanowire aggregation. To avoid such deleterious situations, the concentration of nanowires must remain relatively low. By contrast, nanowires produced in the Geode process are prevented from aggregating during growth by their anchoring to the inside wall of the hollow microcapsules.
The design of these hollow microcapsules requires an optimization among competing constraints. Microcapsule diameters of 20−70 μm not only provide a large surface area for nanowire growth but also are sufficiently large to prevent microcapsule agglomeration during processing. 49, 50 The microcapsule wall must be porous enough for efficient gas phase transport during nanowire growth but not so porous that the catalyst seed particles can escape the internal cavity. The hollow microcapsule shell must also be composed of a material that is thermally stable under VLS growth conditions (T = 400−600°C) and, depending on the details of the reactor type, 51,52 mechanically robust.
In this paper, we demonstrate two critical components of the Geode process: (1) the scalable production of microcapsules amenable to nanowire growth conditions via emulsion templating and (2) a proof-of-concept demonstration of nanowire growth on the microcapsule interior. While emulsion templating has been used, for example, to encapsulate fertilizers 53 or to create particles for drug delivery, 54,55 the microcapsule requirements outlined above for the Geode process are quite distinct and necessitate a number of modifications to previously published procedures. 56−58 The fidelity with which intact hollow microspheres can be produced is found to depend on the type of silica particles used as building blocks and on reinforcement of the microcapsule walls by a polymeric particle cross-linker. We also show that nanowires with morphologies consistent with those possible on flat substrates can be grown on the interior microcapsule surface. The present work sets the stage for future research to achieve and optimize a complete Geode process that will ultimately include the generation of microcapsules and growth of compositionally encoded nanowires therein, the scalable production of free-flowing powders of nanowire-filled geodes, and harvesting the nanowires.
■ METHODS
Surface Modification of Spherical Silica Particles. Spherical silica particles (Fiber Optic Center Inc., Angstrom Sphere) with diameters of 250 nm are surface hydrophobized via a procedure adapted from Sander and Studart. 56 The spherical silica particles are dispersed in 20 mL of 2-propanol (IPA, VWR, ≥99.5%) to make a 17 wt % silica suspension. Next, octadecyl(trimethoxy)silane (ODTMS, Sigma-Aldrich, 90%) and (3-aminopropyl)triethoxysilane (APTES, Alfa Aesar, 98%) are added to the silica suspension at a mass ratio silica:ODTMS:APTES of 40:5.2:1. The suspension is then sonicated (Biologics Inc., Model 150 V/T) at 20% power and 20% pulse for 2.5 min, left to rest for 1 min, and sonicated again for 2.5 min. The resulting suspension is stirred for 24 h at room temperature. After centrifugation at 4000 rpm for 30 min, the supernatant is removed and the surface-modified silica particles are resuspended in watersaturated dichloromethane (DCM, MilliporeSigma, ≥99%). This procedure is repeated four times to remove unreacted reagents.
Hollow Microcapsule Formation via Emulsion Templating. Hollow microcapsules are produced through a water-in-oil-in-water (W/O/W) double emulsion templating method illustrated in Figure 2 Schematic illustration of the Geode process for the production of semiconductor nanowire synthesis. Hollow, porouswalled microcapsules, which serve as a high surface area substrate for nanowire growth, are produced using a bulk emulsion templating method. The microcapsule interior is lined with the metal nanoparticles that seed nanowire growth via the VLS mechanism. Efficient precursor delivery is enabled by maintaining a porous microcapsule wall. Microcapsule powders can be loaded into a variety of reactor types. The present work demonstrates the Geode process with microcapsules composed of silica particles and growth of Si nanowires; however, it is compatible with a variety of wall and nanowire materials. and adapted from Lee and Weitz. 57, 58 The first aqueous phase (W 1 ) contains 1.44 mL of Au nanoparticle dispersion (Ted Pella, 50 nm diameter), 60 μL of 0.5 M NaCl solution (Sigma-Aldrich), and 2 wt % poly(vinyl alcohol) (PVA, Sigma-Aldrich, M w ∼ 31000). The oil phase (O) consists of 12 wt % spherical silica particles suspended in water-saturated DCM. A water-in-oil (W 1 /O) emulsion is made by combining 3 mL of O and 1.5 mL of W 1 , followed by homogenization at 30000 rpm (IKA, T10 Ultra Turrax). For some experiments, 50 μL of 60 wt % polymeric methylene diphenyl isocyanate (PMDI, Sigma-Aldrich, M̅ n ∼ 400) in water-saturated DCM is then added to the W 1 / O emulsion. PMDI serves as an oil-soluble silica particle cross-linker, reacting with surface hydroxyl groups to create urethane bonds. The second aqueous phase (W 2 ) consists of 2 wt % PVA in a 1 mM NaCl solution. For the second emulsification, 8 mL of W 2 are added to the W 1 /O single emulsion, and the mixture is then vortexed (Scientific Industries, Vortex-Genie 2) for 1 min. PVA and silica particles are acting as costabilizers of the emulsions. The resulting W 1 /O/W 2 double emulsion is left overnight to allow the inner aqueous cores to osmotically swell and coalesce due to the difference in salt concentration between W 1 and W 2 . The W 1 /O/W 2 emulsion is diluted 20-fold in deionized water to extract the DCM by leveraging its partial miscibility in water. The hollow microcapsule suspension is air-dried and placed in a calcination oven at 600°C for 2 h in air. In some experiments, hydrophobic fumed silica particles (Evonik, Aerosil R812S) are used, instead of spherical silica particles, without further surface modification to produce hollow microcapsules. In this case, the O phase consists of 4 wt % fumed silica particles in watersaturated DCM, and the second vortexing step is performed for 1 min. All other steps remain the same.
Nanowire Growth. Si nanowires are grown inside hollow microcapsules deposited on a Si(100) wafer (University Wafer, 1− 10 Ω·cm, single-side polished, boron) in a cold wall chemical vapor deposition reactor (FirstNano, Easy Tube 3000) described previously. 59 Nanowire growth occurs in a two-step procedure. Initial nanowire nucleation occurs at 500°C for 2 min. Nanowire elongation occurs at 480°C for 10 min in the presence of 1000 sccm hydrogen gas (H 2 , Airgas, 99.99%) and 100 sccm silane (SiH 4 , Voltaix, 99.99%) at 10 Torr total reactor pressure.
Characterization. Each step in the emulsion templating process is characterized with optical light microscopy (Nikon, Eclipse TE 2000-E) with a 10× objective. A field emission scanning electron microscope (SEM, Zeiss, Ultra60, 5 kV) is used to assess the morphology of dried microcapsules as well as Si nanowires grown therein. Nanowire crystal structure is investigated by using transmission electron microscopy (TEM, FEI, Tecnai F30), fast Fourier transform (FFT) analysis, and selected area electron diffraction (SAED). The FFT and SAED patterns are analyzed by using ImageJ to determine lattice plane spacings, values for which are then compared to those from the International Centre for Diffraction Data (ICSD: 00-005-0565).
Focused ion beam milling (FIB, FEI, Nova Nanolab 200, Ga ions, 30 kV) is used to cut through the microcapsule wall and expose the interior. Care must be taken during geode milling to minimize damage to, or redeposition of material on, the nanowires. 60, 61 Microcapsules can be efficiently milled at a beam current of 20 nA to reveal their internal structure without significant visual damage to the silica particle wall. However, a beam current of 5 nA or lower is recommended for nanowire containing geodes to preserve the internal nanowire network. Prior to TEM, geodes are prepared using the following protocol. A 20 μm wide opening is cut in a Cu liftout grid (Ted Pella) by using the FIB. A FIB micromanipulator (Oxford Instruments, OmniProbe 200) is employed to electrostatically transfer an aggregate of geodes from the growth surface to the previously cut opening in the lift-out grid (Supporting Information, Figure S1 ). Geodes adhere to the micromanipulator with a small positive bias and are released onto the grid upon removal of the bias. Geodes are further secured to the grid via light etching and redeposition of Cu where the grid contacts the geode aggregate. After FIB milling, the grid is loaded into the TEM for analysis.
■ RESULTS AND DISCUSSION
The steps for producing hollow microcapsules via emulsion templating are outlined in Figure 2 . An initial emulsification results in a water-in-oil (W/O) emulsion with hydrophilic metal nanoparticles (that will ultimately seed and catalyze nanowire growth) dispersed in the aqueous droplet phase and with hydrophobic silica particles (that will ultimately form the microcapsule shell) in the continuous oil phase (Figure 2a ). A second emulsification yields a water-in-oil-in-water (W/O/W) double emulsion (Figure 2b) . The oil, which is partially soluble in water, is then extracted into the water phase upon further dilution (Figure 2c ). During this extraction step, the silica ACS Applied Nano Materials www.acsanm.org Article particles in the oil consolidate to form the porous microcapsule wall. The suspension is dried to yield hollow microcapsules decorated with metal nanoparticles on their interior surfaces (Figure 2d ). After calcination, the microcapsules are ready for nanowire growth. Selection of wall nanoparticle type and size enables tuning of the chemical, mechanical, and transport properties of the microcapsules to meet specific process requirements. The energy input during the two emulsification steps provides control over the average microcapsule diameter and wall thickness.
The results from each stage of our emulsion templating process are shown in Figure 2 . The first emulsification yields a dense W 1 /O single emulsion with W 1 droplets exhibiting diameters of 17 ± 4 μm (Figure 2e ). The second emulsification results in a W 1 /O/W 2 double emulsion where many W 1 /O/W 2 droplets ultimately contain a single W 1 core (Figure 2f ). This morphology results from osmotic swelling and coalescence of multiple internal W 1 cores, 62 driven by the salt concentration gradient between the W 1 and W 2 phases. At this stage, the outer diameter of the W 1 /O/W 2 droplets is 39 ± 10 μm. By exploitation of the partial miscibility of DCM in water, the dilution of the W 1 /O/W 2 double emulsion with water drives the diffusion of DCM into the outer W 2 phase. As this process proceeds, the silica particles occupying the middle oil phase fully consolidate to form the wall of the hollow microcapsules (Figure 2g ) as the oil layer thickness decreases, and oil is ultimately fully removed to no longer show an oil− water interface. Thus, the outer diameter of the oil-extracted microcapsules reduces to 29 ± 7 μm. The low microcapsule dispersion density observed at this stage results from the large dilution needed to extract the oil. Air drying of the microcapsule suspension on a Si wafer results in a bulk powder ( Figure S2 ) of spheroidal microcapsules (Figure 2h) . The surface of a hollow microcapsule ( Figure S3 ) exhibits silica particles with a predominantly hexagonal packing. Packing defects are also observed and may result from curvature of the microcapsule wall, polydispersity, or kinetic limitations during consolidation. 63, 64 We observe holes in the wall of some microcapsules, an effect we attribute to the strong capillary forces that occur during air drying when the air−water interface recedes through the sample. However, such structures also confirm that the microcapsules are indeed hollow. More convincing evidence of the hollow internal structure of the microcapsules is provided by FIB milling, as shown in Figure 3 for a representative microcapsule. The internal cavity is unobstructed, and the wall thickness is 2.2 ± 1.0 μm. The use of a particle cross-linking agent and choice of silica particle type, as seen in Figure 4 , play a major role in maintaining microcapsule integrity during air drying. The use of PMDI as particle cross-linking agent stabilizes the microcapsule wall. Microcapsules dried in the presence of PMDI remain intact upon air drying (Figure 4a ), but those dried without PMDI almost entirely collapse (Figure 4b and Video S1). The use of fumed silica particles (Figure 4c ) yields microcapsules with diameters of 24 ± 9 μm and a smoother outer wall than observed for spherical silica particles ( Figure  2h ). However, even with the use of PMDI, many of the fumed silica microcapsules cave-in on themselves during air drying. We hypothesize that this behavior stems from thinner microcapsule walls and/or a lower contact area and thus weaker adhesion between fumed silica particles. Fumed silica microcapsules, like their spherical silica particle counterparts, fully collapse without the use of PMDI (Figure 4d and Video S2) during air drying. A detailed examination of these and other emulsification parameters is currently underway in our laboratories.
Si nanowire growth is completed inside a conventional chemical vapor deposition reactor by using conditions common for macroscopic flat substrates. Prior to Si nanowire growth, hollow microcapsules undergo calcination to remove PMDI, the particle cross-linker, and other residual organics ACS Applied Nano Materials www.acsanm.org Article which are unfavorable for the reactor and growth conditions. No morphological difference is observed before and after calcination ( Figure S4 ). Figures 5 and 6 show images of representative geodes following nanowire growth and FIB milling that confirm internal growth of Si nanowires. In spite of curtaining seen near the cut, a dense network of nanowires with uniform diameters and morphologies is found further away from the opening, inside the geode ( Figure 6 ). The inset of Figure 6a shows Au nanoparticles at the nanowire tips, which is characteristic of VLS growth. The pinning of the Au nanoparticle at the nanowire tip as well as the untapered nanowire sidewall are consistent with that observed for growth on flat substrates. 65−68 As-grown nanowires exhibit diameters of 59 ± 10 nm, consistent with the 50 nm seed Au nanoparticles loaded in the W 1 inner aqueous phase. We also observe a small amount of nanowire growth on the geode exterior ( Figure 5) , an effect we attribute to some Au nanoparticle loss from the inner aqueous core during the second emulsification step. The structure and crystallinity of Si nanowires inside geodes are confirmed with TEM, following geode transfer to a lift-out grid ( Figure S1 ). Figure 7a reveals a dense network of Si nanowires on the interior of a representative microcapsule, consistent with that observed via SEM ( Figure 6 ). Some individual silica particles are also visible. An SAED pattern of several nanowires is shown in Figure 7b and exhibits a polycrystalline ring pattern. The {111}, {220}, and {311} Figure 5 . Characterization of geodes. Image sequence of hollow microcapsules after Si nanowire growth during FIB milling at 5 nA. Overall mill time is 11 min. Scale bar: 10 μm. While nanowires near the cut have been damaged by the FIB, good quality nanowires are visible further away (see Figure 6 ). Figure 6 . Nanowire growth. (a, b) SEM images of dense Si nanowires inside geodes opened with FIB milling. These images are intentionally from regions not damaged by the FIB (see Figure 5 ). Scale bars: 1 μm. Inset: Si nanowire tips with visible Au nanoparticles. Scale bar: 300 nm. Nanowires exhibit morphologies analogous to those possible on macroscopic flat substrates. Figure 7 . TEM characterization of nanowire structure and crystallinity. (a) Representative low-magnification bright-field image of nanowires exposed inside a geode following milling at 1 nA. The silica microcapsule wall is false-colored blue for clarity. planes of Si are overlaid for comparison. The high density of nanowires inside the geode leads to diffraction from multiple nanowires even with the smallest projected selected area aperture size. Figure 7c shows a representative high-resolution image of a Si nanowire. The darker contrast on the Si nanowire surface likely results from Ga ion implantation during FIB milling of the microcapsule, which leads to some surface amorphization and reduces the detail observed from the crystalline lattice fringes. However, an FFT analysis conducted on a representative region from the center of the nanowire, as shown in Figure 7d , reveals a single crystal pattern with the {111}, {220}, and {311} families of planes characteristic of Si.
■ FUTURE WORK
The present work constitutes important first steps toward a complete Geode process, whereby semiconductor nanowires can be grown through the VLS mechanism on the interior surface of hollow, porous microcapsules. Although we initially demonstrate Si nanowire growth inside silica microcapsules, we emphasize that the process is likely quite general. The VLS mechanism can produce a myriad of different materials (e.g., III−V, II−VI, oxides) at temperatures and pressures similar to those studied here. 69−72 Emulsion templating is also compatible with a variety of particle materials (e.g., Si 3 N 4 , Al 2 O 3 , and TiO 2 ), 56,73−75 which are likely to be useful for controlling microcapsule mechanics, porosity, stability, and chemistry. Future work will aim to understand the differences between nanowire growth on flat substrates and inside hollow microcapsules. For example, the presence of the microcapsule wall likely introduces some heat and mass transport limitations that need to be characterized. Moreover, our bulk emulsion templating process yields a distribution of wall thicknesses (1− 3 μm), wall pore sizes (10−100 nm), and/or microcapsule diameters (10−50 μm), which will lead to transport variations from microcapsule to microcapsule. We note that microfluidic devices provide precise control over the emulsion droplet size, 57 but we favor the scale-up offered by bulk emulsion templating methods and expect that the impact of microcapsule structural polydispersity on nanowire growth can be minimized. For example, when operating in a regime where crystal nucleation is rate-limiting, 76 the impact of precursor delivery rate can be minimized. We ultimately expect that the efficiency of gas transport through the microcapsule wall will enable the encoding of axial composition profiles similar to that achievable on flat substrates. 77, 78 A deeper understanding of the relationship between the emulsification process and the properties of the resulting microcapsules is also desired. Air drying is currently being replaced with spray drying in an effort to reduce capillary forceinduced damage and collapse of the microcapsule wall currently seen in the fumed silica microcapsules. Microcapsule mechanics must also be understood to balance the need for efficient heat and mass transport (i.e., favoring thin and high porosity walls) against the need for microcapsules integrity during processing (i.e., favoring thick and low porosity walls), especially in the packed and fluidized bed reactors that would facilitate process scalability. 51 Relatedly, it will also be important to consider the trade-off between microcapsule integrity and ease of nanowire harvesting after growth, which will likely include mechanical or chemical removal of the microcapsule wall and colloidal stabilization of as-released nanowires.
■ CONCLUSION
We demonstrate key steps in the Geode process for the VLS synthesis of semiconductor nanowires, leveraging the interior of hollow, porous-walled silica microcapsules as a high-surfacearea substrate. The process starts with the production of hollow silica microcapsules through a water-in-oil-in-water double emulsion templating method. Two different silica particles types as well as the importance of a silica particle cross-linker are studied. Hollow microcapsules produced with spherical silica particles yield microcapsules able to withstand the capillary forces of air drying. As a proof-of-concept, Si nanowires with good crystallinity are grown on the microcapsule interior.
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